Several models for the transport of proteins across membranes predict a role for lipids. If these models are correct, then alterations in lipid metabolism may affect protein export and vice versa. We are investigating this possibility by studying Escherichia coli K -12 mutants with defects in protein export or phospholipid metabolism. A temperature-sensitive secA mutant, which is defective in protein export at 42°C, exhibited severe pleiotropic effects on membrane biogenesis. Incubation of this strain at 4 2°C resulted in the appearance of intracytoplasmic membranes, in alterations in lipopolysaccharide structure and in decreased cardiolipin and C18:1 fatty acid content. On the other hand, a pgsA mutant which is defective in the synthesis of acidic phospholipids, exhibited a protein export defect when studied in vivo or in vitro. These results are
Introduction
The cell envelope of Gram-negative bacteria consists of two membranes, the inner and the outer membrane, which are separated by the peptidoglycan-containing periplasm. Since protein synthesis takes place in the cytoplasm, proteins destined for the periplasm or the outer membrane have to cross the inner membrane to reach their final location. Such proteins are synthesized in a precursor form with an N-terminal extension of approximately 20 amino acids which is called the signal sequence. Such signal sequences consist of three domains (Von Heijne, 1985; Trun & Silhavy, 1989; Hardy & Randall, 1989): the N terminus containing positively charged amino acids; a hydrophobic core, and a more polar C-terminal region, which contains the recognition site for signal peptidase, an enzyme which cleaves off the signal sequence from the precursor proteins. The signal sequences are essential for export, since mutations especially in the hydrophobic core can prevent export (Em r et al. 1980 ; Bedouelle et al. 1980) . Although a signal sequence does not seem to be sufficient to mediate export (Moreno et al. 1980 ) the rest of a precursor does not seem to contain y . Tommassen and others essential export information. Series of overlapping deletion mutations have been described in the structural genes of the outer membrane proteins PhoE (Bosch et al. 1986 (Bosch et al. , 1988 and OmpA (Freudl et al. 1985 (Freudl et al. , 1987 of Escherichia coli. These deletions together covered the complete phoE and ompA genes, except for the signal sequence-encoding parts. The mutant proteins were all exported across the inner membrane, showing that no parts of the mature proteins are essential for export. Probably they only play a passive role, i.e. they should be export compatible.
Not much is known about the mechanism of export across the membrane or the cellular components involved in this process. In eukaryotes, several proteinaceous components of the export apparatus have been identified, such as the signal recognition particle (Walter et al. 1981) 
Pleiotropic effects of a secA mutation
Morphological alterations in a secA m utant E. coli strain M M 52 is a temperature-sensitive secA mutant, which accumulates precursors of exported proteins when the temperature is raised above the permissive temperature of 30°C (Oliver & Beckwith, 1981) . T o detect any possible pleiotropic effects of this secA5l mutation on lipid metabolism, the membrane organisation of the mutant strain was first studied morphologically (D e Cock et al. 1989 ).
Examination of ultra-thin cryosections of M M 52 cells, grown at 42°C , by electron microscopy revealed the appearance of new membrane-like structures within the cytoplasm of these cells (Fig. 1) . Such membrane-like structures were hardly observed in M M 52 cells growth at 30°C and not at all in the secA+ parental strain grown at either 30 °C or 42 °C. These intracytoplasmic structures were also observed in freeze-fracture experiments, with the fracture plane going through several membranes (D e Cock et al. 1989) . T h is confirms that the intracytoplasmic struc tures observed in the ultra-thin cryosections of the secA mutant are actually membranes. T hu s, these morphological studies show that the secA51 mutation has pleiotropic effects on membrane biogenesis.
Interestingly, morphologically similar intracytoplasmic membranes were observed in cells where protein export was blocked by the induction of the synthesis of Lam BLacZ fusion proteins (Voorhout et al. 1988) . Such fusion proteins consist of an Nterminal moiety, including the signal sequence, of outer membrane protein Lam B and the cytoplasmic enzyme /3-galactosidase (Hall et al. 1982) . After induction of the synthesis of such a fusion protein, export is initiated at the Lam B moiety, but ¡3-galactosidase cannot efficiently be transported across the inner membrane, probably because it rapidly folds into an export-incompatible form. As a result the hybrid protein becomes stuck in the membrane and this leads to a block in protein export. However, it should be noted that the appearance of intracytoplasmic membranes is not a general feature of cells where protein export is blocked. For instance, in a secY mutant, hardly any intracytoplasmic membranes were observed (De Cock et al.
unpublished observation). In addition, the few intracytoplasmic membranes ob served in this mutant strain were morphologically distinct from those observed in the secA mutant. In a secB mutant, no intracytoplasmic membranes were observed. Previously, it has been reported that reduction in the amount of major outer membrane proteins as well as alterations in the lipopolysaccharide (L P S ) structure lead to a reduced content of these particles. Of course, a reduction in the amount of outer membrane proteins is to be expected in a secA mutant, but we also investigated whether an altered L P S structure could be the cause of the disappearance of particles.
Alterations in lipid composition in a secA m utant
Bacteriophage C21 can infect only E. colt cells with galactose-deficient LPS (Lindberg, 1973). In contrast to its parental strain, secA strain MM52 was sensitive to this phage when grown at 37 °C (De Cock et al. 1989) , which is consistent with an altered L P S structure in the secA strain. The altered structure of the L P S was also detected by SD S-polyacrylamide gel electrophoresis (Fig. 2 ) . Apparently, the activity of one of the glycosyl transferases which substitute L P S is affected in a secA mutant.
Analysis of the phospholipid composition of MM52 cells, grown for 6 h at 42°C, revealed that the cardiolipin (C L ) content was slightly but significantly reduced as compared to the control strain grown under identical conditions (3-5 % and 5-0 % of the total phospholipids, respectively). Interestingly, in aprlA4 mutant strain which is able to export proteins with a defective signal sequence the C L content was found to be increased 2-fold as compared to its prlA+ parental strain (De Cock et al. Finally, fatty acid analysis revealed that strain MM52 contained a reduced amount of cis-vaccenic acid after 6 h at 42 °C as compared to the control strain (11 % and 18 % of the total fatty acids, respectively). A role for this fatty acid in the export of alkaline phosphatase has previously been suggested (Nesmeyanova, 1982). In conclusion, in a secA mutant in which protein export is disturbed, important pleiotropic effects on membrane composition and lipid content are observed.
Pleiotropic effects of a pgsA mutation
Morphological alterations in a pgsA m u ta n t Phosphatidylglycerol (P G ) phosphate synthetase is a key enzyme in the biosynthesis of the major acidic phospholipids, PG and C L , in E. coli. Strains carrying a null allele in the structural gene, pgsA, for this enzyme are not viable (Haecock & Dowhan, 1987) . However, apgsA3 allele has been isolated which does not influence the growth rate when present in derivatives of strain S D 12 (Miyazaki et al. 1985) . In these strains, the PG and C L contents are dramatically decreased. Since thep^sA3 allele could not be transferred to other strains (Haecock & Dowhan, 1987 ), it appears that SD 12 contains a suppressor mutation which allows the growth of cells with reduced capability to synthesize acidic phospholipids.
Light microscopic examination of cells carrying the pgsA3 allele revealed that these cells tend to form filaments, especially at elevated growth temperatures (Fig. 3) . labelled for 30 s, the majority of OmpA protein was in the mature form and hardly any precursor could be detected (Fig. 4A, lane 1) . In contrast, substantial amounts of OmpA precursor were found in similar experiments with a pgsA3 mutant strain (Fig. 4A, lane 3) . During a 30s chase period, this precursor was processed into mature OmpA (Fig. 4A, lane 4) . Apparently, the processing and/or export of OmpA are retarded in the mutant strain. In similar pulse-label experiments, the ratio of precursor to mature PhoE protein was found to be substantially higher in the pgsA3 mutant as compared to the wild-type strain (Fig. 4B ) . In addition, it appeared that the total amount of PhoE protein produced during a 10 s pulse period was lower in the mutant strain. In contrast, cytoplasmic proteins such as chloramphenicol transacetylase were produced in normal amounts (Fig. 4B ) . It should be noted that reduced synthesis of certain envelope proteins in export-defective mutants has been observed previously (e.g. Liss & Oliver, 1986). Pulse-label experiments in a els mutant, which contains normal levels of PG and reduced levels of C L , did not reveal any precursor accumulation (Fig. 4B , lane 7) , suggesting that the reduced PG content and not the reduced C L content is responsible for the export defect observed in the pgsA3 mutant. 
The influence of low acidic phospholipid levels on protein translocation was also studied in an in vitro translation-translocation system (De Vrije et al. 1988). The PhoE precursor was synthesized in vitro and incubated with inverted inner membrane vesicles isolated from a wild-type

What is the function o f acidic phospholipids in protein export?
Signal sequences contain at their N termini a number of basic amino acid residues. Pulse-chase experiments revealed that the replacement of these basic residues by acidic residues in the PhoE precursor results in delayed processing and/or export ( charged lipids (B atenburgei al. 1988) . Also the binding of in uzfro-synthesized PhoE precursor to phospholipid liposomes has been studied (De Vrije et al. 1989) . It appeared that the precursor was only efficiently bound by negatively charged liposomes (Fig. 7) . T hu s, acidic phospholipids may play a role in (translocationcompetent) binding of precursors to the membrane, but other roles in the protein export pathway are also possible. 
Conclusions
A secA mutation, which leads to protein export defects, has severe pleiotropic defects in membrane biogenesis. It is difficult to assess what the primary effect is of the secA mutation. A blockage of protein export does not always lead to the same pleiotropic effects. F or instance, the appearance of intracytoplasmic membranes was hardly or not observed in secY or secB mutants. This could mean that the export defect in a secA mutant is a secondary effect. F or instance, the precursors of exported proteins could interact with the intracytoplasmic membranes which would prevent their export across the inner membrane. On the other hand, one could argue that protein export involves multiple steps and that a blockage in each individual step leads to different pleiotropic effects. The appearance of intracytoplasmic membranes in the lamB-lacZ fusion strains could then be explained by assuming that the hybrid protein titrates out the SecA protein.
We also found that a defect in the synthesis of acidic phospholipids leads to retardation of protein export. Possibly, a role of these phospholipids is in the binding of precursors to the membranes in an export-competent fashion. Taken together, our results suggest a role for phospholipids in protein export and a coupling between protein export and lipid metabolism. D e K r u i j f f , B ., C u l l i s , P. R ., V e r k l e i j , A. J ., H o p e , M. J . , V a n E c h t e l d , C . J . A ., T a r a s c h i, T . F . , V a n H o o g e v e s t , P ., K il l ia n , J . A., R i e t v e l d , A. & V a n d e r S t e e n , A. T . M. (1985) . (1985) . Genetic manipulation of membrane
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